ROTOR ANGLE DETECTING APPARATUS FOR DC BRUSHLESS MOTOR 



Background of the Invention 

1. Field of the Invention 

The present invention relates to a rotor angle 
detecting apparatus for detecting the rotor angle of a 
DC brushless motor without using a rotor position 
detecting sensor. 

2. Description of the Related Art 

In order to obtain a desired torque by energizing 
a DC brushless motor, a voltage needs to be applied to 
an armature in an appropriate phase which corresponds 
to an electrical angle (hereinafter, referred to as a 
rotor angle) of a rotor having magnetic poles. With a 
view to reducing costs for a DC brushless motor and a 
motor drive unit by omitting a position detecting sensor 
for detecting the rotor angle, there have been proposed 
many methods for detecting the rotor angle with using 
no position detecting sensor. 

For example, Japanese Patent Unexamined Publication 
Nos. Hei. 10-323099 and Hei . 11-332279 describe methods 
for detecting the rotor angle of a DC brushless motor 
in a motor control apparatus for controlling such a DC 
brushless motor by a so-called dq coordinate system in 
which method an estimation alternating current signal 



voltage is applied in a direction of one of axes to thereby 
generate on the other axis side a current, by which the 
rotor angle is detected. 

In addition, the inventor et al. of the present 
invention proposed, in US 2 0 0 2 / 0 1 4 93 3 5A1 , a rotor angle 
detecting apparatus for detecting the rotor angle using 
no position detecting sensor. In the rotor angle 
detecting apparatus, when an inspection voltage of a high 
frequency is imposed on a drive voltage which is applied 
to three phase armatures of a salient pole-type DC 
brushless motor, a detection value of a current flowing 
to a first-phase armature an da detecti on valueofa current 
flowing to a second-phase armature of the three phase 
armatures and a high-frequency component corresponding 
to the inspection voltage are used to calculate a sine 
reference value corresponding to a sine value of an angle 
which is twice the rotor angle of the motor and a cosine 
reference value corresponding to a cosine value of an 
angle which is twice the rotor angle of the motor. 

Then, the rotor angle can be detected based on the 
sine reference value and the cosine reference value with 
good initial follow-up characteristics and with being 
affected little by motor parameters. 

However, when imposing the inspection voltage on 
the drive voltage in order to detect the rotor angle, 



there may occur a case where irksome noise is generated 
from the motor. 

5 Summary of the Invention 

The invention was made in view of the aforesaid 
background, and an object thereof is to provide a rotor 
angle detecting apparatus for a DC brushless motor, which 
can reduce the generation of irksome noise when detecting 
10 the rotor angle by imposing the inspection voltage to 
the drive voltage. 

Firstly, before the invention is described, a 
fundamental concept of the invention is described by 
reference to Figs. 1A and IB. As shown in Fig. 1A, in 
15 a case where a salient pole-type rotor 2 is used, a magnetic 
reluctance in a gap between the rotor 2 and respective 
armatures 3, 4, 5 of U, V, W phases changes periodically 
as the rotor 2 rotates. When the rotor 2 makes one 
revolution, the magnetic reluctance changes in two periods, 
20 i.e., when the rotor 2 makes one half of a revolution, 
the magnetic reluctance changes for one period. In 
addition, the magnetic reluctance becomes maximum when 
the rotor 2 is situated at a position labeled as ® in 
the figure andbecomes minimum when the rotor 2 is situated 
25 at a position labeled as (D in the figure. 
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Fig. IB is a diagram showing a typical magnetic 
circuit of Fig. 1A, and assume that an average value of 
the magnetic reluctance for one period is 0.5, then, 
magnetic reluctances Ru, Rv, Rw in the respective phases 
U, V, W are expressed by the following equations (1) to 



(3) . 



[Equation 1] 



Ru=1 — cos2 6 



CD 



[Equation 2] 



Rv= 1 — cos (2 6 + 




(2) 



[Equation 3] 



Rw=1 — cos (2 0 




(3) 



As this occurs, the magnetic reluctance Rgu of the 
gap as viewed from the U phase can be obtained from the 
following equation (4) . 



[Equation 4] 



_ _ , Rv • Rw 

R ° u=Ru+ r^Tr^ 

1+cos(20 — -§-«) + cos(20+-&n) + cos (2 0--§- ") • cos 

=1+cos2© + r— ; j-= 

2+ cos (2© — -frr) + cosfe©*-^) 

1— cos 20 +4- (co64 0 4- cos-I-jt) 

=1 +cos2 9 + - — - — — — 

2 — cos 2 6 

2 

a — cos-frr 

= i— (4) 

4-2cos2 0 v • 



Due to this, assume that the U phase is a unit winding, 
a self -inductance Lu of the U phase can be obtained by 
5 the following equation 5. 
[Equation 5] 
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Lu= 1 4-2COS26. 

R ° u 8-cosfn 



In addition, due to the configuration of the magnetic 
circuit, a mutual inductance Muw between the U and W phases 
and a mutual inductance Muv between the U and V phases 
can be obtained by the following equations (6), (7), 
respectively . 



5 



[Equation 6] 
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Rw , 2+2COS (2$'+-f-ir) 

Muw = ~ _ , _ Lu = = — — - (q\ 

Rv+Rw _ 2 w 

8 — cos *g- 77 



[Equation 7] 

Rv . 2+2oos (2$— -f-rr) 

Muv = — ■ Lu = ~ — d (7\ 

Rv+Rw 2 KfJ 

8 -cos -3 n 1 

Similarly, sel f- inductances andmutual inductances 
of the V and W phases can be obtained, whereby, suppose 
that DC component of the self-inductance of each phase 
is 1, a variable of the DC component 1 is Al, and the 
DC component of the mutual inductance between each phase 
pair is m, a voltage equation of the salient poly-type 
DC brushless motor can be expressed by the following 
equation ( 8 ) . 
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[Equation 8 ] 



w 
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Vv 
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Iv 


*** 


Vw 




Iw 


In 



-A I co$20 m-A i cos C26— -§rr) m-A I cos (20+-|rr) 

i-A/cos (20— *|fr) /-A J co* (20+-Jrr) m— A I co$2 0 

i-A < cod (20+-|fr) m-A / oo$20 / -A * co« (20— |nr) 

f$lD0 



+ft>Ke 



sln(0-|f?) 
sin 



Iv 
Iw 

(8) 



where, Vu, Vv, Vw denote voltages applied to the 
U phase, V phase and W phase armatures, respectively, 
5 lu, Iv, Iw denote currents flowing to the U phase, V phase 
and W phase armatures, respectively, r denotes electric 
resistances of the U phase, V phase and W phase armatures, 

co denotes the electric angular velocity of the rotor 2, 
and Ke denotes an induced voltage constant. 
10 Furthermore, in the event that the electric angular 

velocity od is substantially 0, influences by changes in 
induced voltage and angular velocity of the rotor 2 are 
small, and the voltage drop by the resistors r are 
negligible, the equation (8) can be approximated by the 
15 following equation (9) . 
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[Equation 9] 



V 




w 




vw 





i-A<coa20 m-A I cos (29-|rr) m-A ( cos (20+-|rc) 

m-A 1 cos (2$-"|rr) < -A I cos (ze+^n) m-A I cos20 
m-Aicos (20+4rr) m-A i cos20 , I -A I cos (20-4/t) 





lu 


d 


Iv 


dt 




lw 



(9) 



Here, in case the equation (9) is rearranged to an 
equation by inter-phase current and voltage, the following 
equation (10) can be obtained. 

[Equation 10] 



fl -1 olM fVu-Vvl |1 -1 01 



rn-Ateos(2 0~|n) I- AIcos (2 m-AlcQS20 
m-Ateos(20+J-fO m- Alcos2 Q l-AIco* (2 0-« 2-rr) 



I -m~Al{cos2 0-c^ (20-^-/7)} -l+m-Al{co9<?e— |n)-cos{? 0--|n)} Al{cos2 0-cos(? 0 + -|rr)} |f 1 ol d 
Al{cos(^O^|-/0--co9(jZfi+-|n)} ~l*m-Al{cos2^-cos(2fl+|-/T)} l--m+Al{co32e-cos(?e-|-n)}j[ 0 1j dt 

2(Km)-Al{co82«-cos(?e-|-/T)+co8(2e^|-/r)} l-m+A»{cos2 «+co»(2 0— |n)^2cos(2e+|rT)} |^ fj u l 
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l-m-3 Al cos(2 0 +-£n) 2 (I -m) +3AI oos2 0 



dllu 
<« lw 



(10) 



In addition, since the inductance matrix of the 
equation (10) is regular, the equation (10) can be 
10 rearranged to the following equations (11), (12). 
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[Equation 11] 



> 






= K 





2 (l-m>+3AI cos2 0 -I +ro+3Alcos(2 B+^n) 
~l+m +3AI cos(? ©+|-n) 2 (l-m) +3AI cos (2 0— frr) 



IVu-W 
Vw- W 



(11) 



[Equation 12] 



{ 2 (I -m) +3 Al cos (2 0 - J-n^ 



(12) 
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In addition, in the event that the DC brushless motor 
is handled by the so-called dq coordinate system, a three 
phase/dq conversion expressed by the following equations 
(13), (14) using an estimate value (9") of the rotor angle 
is applied to the equation (11), in case the estimate 
value (0~) and an actual value (G) of the rotor angle are 
equal to each other (9 A =0), the following equation (15) 
can be obtained. 
[Equation 13] 



Vd 
Vq 



sine sln(e— |n) slnCd-jrO 
cos0 cos(e— frr) cos(f?-4n) 



Vu 
W 
VW 



(13) 
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[Equation 14] 



ft)- 



slnS sln($~ |n) sln(S— fa) 
cosff cos(e— |rr) cos(£— |n) 



Iu 
Iv 

Iw 



C14) 



f y\ \ 

Vd 
>VqJ 



[Equation 15] 



colq 



— £J Lq 



Id 



+ 



I Iq J 10 



(15) 



[Equation 16] 



l_d = I - m + f Al 



(16) 



[Equation 17] 
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Lq = I -m-™ Al 



(17) 



Here, in the event that the rotor angle (9) in the 
equation (11) is an estimate value which shifts by 9e from 
the actual value of the rotor angle, the following 
equations (18), (19) are established between Id", Iq", 
Vd A , Vq A which were three phase/dq converted using the 
estimate value and Id, Iq, Vd, Vq which were converted 
using the actual value of the rotor angle. 
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[Equation 18] 



Id 
Iq 



cos 0e -sin 6e 
sin 6e cos $e 



Id 
Iq 



(18) 



[Equation 19] 



Vd 
Vq 



cos 6e —sin 0e 1 f Vd 
sin ©e cos 6e J [ Vq 



C19) 



where, 9e: phase difference between the actual value 
and estimate value of the rotor angle. 

Consequently, a relational expression expressed by 
equation (20) is induced. 

[Equation 20] 



.d 
dt 



Iq 



cos 0e 
sin 6e 



cos 6e 
sln0e 



cos 8e 
sin 0e 

-sinee 

COS 09 



— sin 6b 
cos Be 



-sin Be 


d 


Id' 
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dt 


Iq 



-0) 



r 

Ld 
Ld 
Lq 



Ld 

r_ 

Lq 
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' 1 










Ld 


0 
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1 
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COS 09 



sinSe 
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IF:)- 



Id 



CUKe 
0 



(20) 



10 Then, sirailarly to the case of the equation (8) above, 

in the event that the electric angular velocity co is 
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substantially 0, influences by changes in induced voltage 
and angular velocity of the rotor 2 are small, and the 
voltage drop by the resistors r are negligible, the 
equation (20) can be approximated by the following 
equation (21). 

[Equation 21] 



dt 



j^j cos 2 6b + — sin 2 ee |j~ - cos 0e sin de 
^-~jcos0e sinfle sifffle + ^cos 2 0e 



1 1+cos2fle 1 l-cos20e 
Ld 2 Lq 



sin26e 



fj_ J_L| sin20e 
2 (Ld LqJ 2 

1 l-cos20e , 1 1 + cos20e 



[td Lq) 



Vd 
VqJ 



Vd 

A, 

Vq 



J_ 

2 



sin20e 



t /S 1 

VqJ 



Lo+Li cos20e Lisin20ej f Qcf 

Usin20e Lo- Licos20e J I Vq, 



(21) 



The invention will be described based on the 
fundamental concept of the invention that has been 
described heretofore. According to a first aspect of the 
invention, there is provided a DC brushless motor rotor 
angle detecting apparatus comprising a voltage applying 
unit for applying a drive voltage to three phase armatures 
of a DC brushless motor, an inspection voltage imposing 
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unit for imposing an inspection voltage generated by 
multiplying fundamental voltage string data in which a 
certain voltage output pattern in a predetermined period 
is set by a modulation coefficient whose value changes 
on every predetermined period on the drive voltage, a 
current detecting unit for detecting a current which flows 
to the armatures of the motor, a reference value 
calculating unit for making reference to a detected 
current of the current detecting unit in a predetermined 
control cycle within the predetermined period when the 
inspection voltage is imposed on the drive voltage by 
the inspection voltage imposing unit and then calculating 
a sine reference value corresponding to a sine value of 
an angle which is twice a rotor angle of the motor and 
a cosine reference value corresponding to a cosine value 
of the angle which is twice the rotor angle of the motor 
based on a variation of the detected current detected 
by the current detecting unit in each control cycle, the 
fundamental current string data and the modulation 
coefficient, and a rotor angle detecting unit for 
detecting a rotor angle of the motor based on the sine 
reference value and the cosine reference value which are 
so calculated. 

According to the aspect of the invention, the 
inspection voltage imposed on the drive voltage by the 
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inspection voltage imposing unit is generated by 
multiplying the fundamental current string data by the 
modulation coefficient which changes every predetermined 
period. Due to this, the frequency of the inspection 
voltage is modulated every predetermined period and the 
frequency component s thereof are dispersed, whereby, when 
the inspection voltage is imposed on the drive voltage, 
the generation of irksome noise having a specific 
frequency component can be reduced. 

In addition, suppose that the di f f er en t ia 1 t ime (dt) 
in the equation (11) is the length (At) of the control 
cycle, the drive voltage and the inspection voltage in 
a certain control cycle are v(l), {Hu(l), Hw ( 1 ) } , 
respectively, and the variation of the detected current 
by the current detecting unit in the control cycle is 
{Alu(l) , Alw(l) }, the equation (11) can be expressed in 
the form of equation (22) . 



Similarly, suppose that the drive voltage and the 
inspection voltage in the following control cycle are 
v(2), {Hu(2), Hw ( 2 ) } , respectively, and the variation 



[Equation 22] 



2 (I — m) +3 Alcos2 6 - l + m+3 Alcos (2 9 + -| rr) 

-|+m+3Alcos(20+-§-n) 2 (l-m) +3Alcos(20- |rr) 




Ala 

At 
AlwQ) 

At J 



--(22) 
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of the detection current of the current detecting unit 
in the control cycle is {Alu(2), Alw(2)}, the equation 
(11) can be expressed in the form of equation (23) . 
[Equation 23] 



2(l-m) +3Alcos20 



- 1+ m+3 Alcos (2 0 + -f n) 



- l+m+3 Alcos (20 + -| n) 2(1— m) +3 Alcos (2 6 - -| rr) 



»«4 



Alu (2) 

At 
Alw(2) 



At 



— (23) 
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Then, when a subtraction is operated between sides 
of the equations (22) and (23), in the event that the 
control cycle is short, since the drive voltage v(l) and 
the drive voltage v(2) can be inferred substantially equal , 
the following equation (24) can be obtained. 

[Equation 24] 



2 (I - m) +3 Alcos 26 - l+m+3 Alcos (2 B + -j rr) 

-|+m+3 Alcos (Z6 + -|rr) 2 (I - m) +3 Alcos (20 - -§rr) 
2(l-m)+3Alcos20 -l+m+3 Alcos (26 + |tt) 

-l+m+3Alcos(20 + -|-rc) 2 (I -m) +3 Alcos (20- J-tt) 

2 0- m) +3Alcos20 - l+m+3 Alcos (20 + -§rr) 
- l+m+3 Alcos (2 0 + -| rr) 2 (I— m) +3 Alcos (20 - — ir) 



[Hu(2)-Hu(0] 
Ihw(2)-Hw(1)J 



ldHw(l)J 



CdH(O) 



Alu (2) AluQ) 
At " At 

Alw(2) AIw(1) 
At At 



(24) 



A relational expression regarding only 
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differential voltage ( dHu ( 1 ) , dHw (1) ) of the inspection 
voltage which is independent from the drive voltage and 

the variations (Alu(l), Alw(l), Alu(2), Alw(2) of the 
current detecting values is obtained from the equation 
5 (24), and the following equation (25) can be obtained 
by rearranging the equation (24) . 
[Equation 25] 



2(l-m)+3Alco82e - l+m + 3Alco6(20+J-n) 
- l+m+3 Alcoa + 2 (l - m) + 3 Alco«(2 6 - |-n) 



[dHu(1)l 
IdHwd)] 



2(l-m)+3Alcos2e 



- l+m +3 Alco8-| rrco82 0 - 3 Alsln^ rrsin26 



H+m+3Alcos4nco82$-3Alsln£frsln2e 2(l-m)+3Alco$4rrco82d-3Akln4"«ln2fl 



(dHu(0| 
ldHw(1)| 



-K 



-sln-fndHwO) dHu(l)+co8-2-fTdHw(1> 2dHu(D- dHw(1) 

-slnfn(dHu(1)-dHw(l)) cos jir(dHu(l)+dHw(l)) -dHu(1)+2dHw(1) 



'3Alsin2fl] [3Alsln26' 

3Alsln20 sK«c(l)3A(sln2i? 
l-m I l-m 

(25) 



Then, when supposing that n control cycles are 
10 included in the predetermined period and arranging the 
equation (25) regarding the respective control cycles 
and control cycles that follow them, the following 
equation (26) is obtained. 
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[Equation 26] 
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c(1)' 




3A(sin20 ' 




ddluwd)' 






c(2) 


3Aisin26 ' 






ddluw(2) 




K 




3A<cos20 


= K • C 


3A/cos20' 






(26) 






1 -m 




l-m 










.c(n), 






] ddluw(n), 





In the above equation (26) , when n>l, in case there 
are two or more voltage vectors (dV(i), dV ( j ) , l^i^ 
n, l^j^n, i^j) whicharenotzerovectorsbut independent, 
a matrix C is string full rank, and least square estimates 
of the sine reference value (Vs) and the cosine reference 
value (Vc) can be calculated from the following equation 



(27) 



[Equation 27] 



'Vs' 




Vc 


= K 







3 A Icos20 
l-m 



= (c« c)~ 1 C 



ddliiwCO 




ddluwd) 


ddluw(2) 




ddluw(2) 




= D 




ddluw(n) 




ddluw(n) 



(27) 



where, the matrix C is the function of the detection 
voltage, and in the event that the detection voltage 
repeatedly outputs a certain voltage output pattern every 
predetermined period, since the components become 
15 constant, components of a matrix D in the equation (27) 
can be calculated in advance. Due to this, the sine 



17 



reference value (Vs) and the cosine reference value (Vc) 
can be calculated by a simple operation of a 2 nd order 
difference (dd Iuw) of the detected current calculated 
from the variation of the detected current detected by 
the current detecting unit in each control cycle within 
the predetermined period and components of the matrix 
D which can be calculated in advance from the detection 
voltage (Hu, Hw) in each control cycle. 

Then, in the event that the inspection voltage is 
generated by multiplying the fundamental voltage string 
data by the modulation coefficient, the matrix C in the 
equation (26) is expressed by a form produced by 
multiplying a matrix which is the function of the 
fundamental voltage string data by the modulation 
coefficient. Due to this, although a detailed 

description thereof will be made later on, in this case, 
theequation (27) can be expressed in a form for calculating 
the sine reference value and the cosine reference value 
by operating the matrix whose components can be calculated 
in advance by the fundamental voltage string data, the 
modulation coefficient and the 2 nd order difference (dd 
Iuw) of the detected current. Consequently, the 
reference value calculating unit can calculate the sine 
reference value and the cosine reference value from the 
fundamental voltage string data, the variation of the 
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detected current by the current detecting unit and the 
modulation coefficient in each control cycle. 

Then, the rotor angle detecting unit can calculate 
a rotor angle (0) of the motor by the following equation 
(28), for example. 

[Equation 28] 

9 = 2 tan_1 \te C28) 

In addition, according to a second aspect of the 
invention, there is provided a DC brushless motor rotor 
angle detecting apparatus which handles a DC brushless 
motor by converting the DC brushless motor to an equivalent 
circuit having a q-axis armature which resides on a q-axis 
which constitutes a direction of magnetic flux of a field 
of the motor and a d-axis armature which resides on a 
d-axis which intersects with the q-axis at right angles, 
comprising a dq/three phase voltage converting unit for 
converting a d-axis voltage which is applied to the d-axis 
armature and a q-axis voltage which is applied to the 
q-axis armature to three phase drive voltages based on 
a rotor angle of the motor, a voltage applying unit for 
applying the drive voltages so converted to three phase 
armatures of the motor, an inspection voltage imposing 
unit for imposing an inspection voltage generated by 
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multiplying fundamental voltage string data in which a 
certain voltage output pattern in a predetermined period 
is set by a modulation coefficient whose value changes 
on every predetermined period on the d-axis voltage and 
5 q-axis voltage, a current detecting unit for detecting 
current which flows to the three phase armatures of the 
motor, a three phase/dq current converting unit for 
calculating a d-axis actual current which flows to the 
d-axis armature and a q-axis actual current which flows 

10 to the q-axis armature based on a detected current detected 
by the current detecting unit and a rotor angle of the 
motor, a reference value calculating unit for making 
reference to the d-axis actual current and the q-axis 
actual current in a predetermined control cycle within 

15 the predetermined period when the inspection voltage is 
imposed on the d-axis voltage and the q-axis voltage by 
the inspection voltage imposing unit and then calculating 
a sine reference value corresponding to a sine value of 
an angle which is twice a phase difference (9-0") between 

20 an actual value (0) and an estimate value (0") of a rotor 
angle of the motor and a cosine reference value 
corresponding to a cosine value of the angle which is 
twice the phase difference (0-0") based on variations of 
the d-axis actual current and the q-axis actual current 

25 in each control cycle, the fundamental current string 
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data and the modulation coefficient, and a rotor angle 
detecting unit for detecting a rotor angle of the motor 
based on the sine reference value and the cosine reference 
value which are so calculated. 
5 According to the second aspect of the invention, 

similar to the first aspect of the invention, the frequency 
of the inspection voltage is modulated every predetermined 
period and frequency components thereof are dispersed, 
whereby, when the inspection voltage is imposed on the 
10 drive voltage, the generation of irksome noise having 
a specific frequency component can be reduced. 

In addition, suppose that the di f ferential time (dt) 

in the equation (21) is the length (At) of the control 
cycle, the d axis voltage, the q axis voltage and the 

15 inspection voltage resulting when a conversion process 
is carried out by the dq/three phase voltage converting 
unit and the three phase/dq converting unit based on the 
estimate value (6) of the rotor angle of the motor in a 
certain control cycle are v_dq A (D, Hd" ( 1 ) , Hq"(l), 

20 respectively, and the variations of the d axis actual 
current and the q axis actual current are {Ald A (l), 
AlqMl)}, the equation (21) is expressed by the following 
equa t ion (29). 
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[Equation 29] 
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L0+L1 cos20e Lisin20e 
Usin20e Lo-Licos20e, 



Hd(1) 
fiqCD, 



+V_dq (1) 



}■ 



Aid CD 
At 

AlqCO 
I At , 



(29) 



Similarly, suppose that the d axis voltage, the q 
axis voltage and the inspection voltage resulting when 
a conversion process is carried out by the dq/three phase 
voltage converting unit and the three phase/dq converting 

unit based on the estimate value (9) of the rotor angle 
of the motor in the following control cycle are v_dq A (2) , 
Hd A (2), Hq /N (2), respectively, and the variations of the 
d axis actual current and the q axis actual current are 

{Ald^(2), Alq /N (2)}, the equation (21) is expressed by 
the following equation (30). 
[Equation 30] 



Lo+Li cos20e Lisin20e 
Lisin20e Lo-Licos20e 



Hd(2) 
lHq(2) 



+V_dq (2) 



Aid (2) 
At 

Alq(2) 
At 



(30) 



Then, when a subtraction is operated between sides 
15 of the equations (29) and (30), in the event that the 
control cycle is short, since v_dq A ( 1 ) and v_dq /s (2) can 
be inferred substantially equal, the following equation 
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(31) can be obtained 
[Equation 31] 



L0+L1 cos26e Lisin20e 1 f fid (2) - Hd (1 ) 
Lisin2e e Lo - Ucos20e J I Hq (2) - Hq (1 ) , 



L0+L1 cos20e Lisin20e 
Lisin20e Lo-Licos20e JldHqCO 



•UdffiKO' 
JldHqCO, 



L0+L1 cos20e 
Lisin20e 



LlS,n20e |dH 



Lo-Licos20e J 



dHqCO 



Aid (2) Aid CD 
At 



At 

Aid C2) AlqCO 



= ddldqCO 



C3D 



ddldCO 
ddlqCl) 

At At 

A relational expression regarding only differential 
voltages (dHd(l), dHq ( 1 ) ) of the inspection voltage which 
are independent from the d axis voltage and the q axis 
voltage and the variations (Ald A (D, Alq A (D, Aid" (2), 
Alq A (2) ) of the current detecting values is obtained from 
the equation (31), and the following equation (32) can 
be obtained by rearranging the equation (31) . 
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[Equation 32] 



ddldq (1) = 



ddld(l) 
ddlqd) 



Lo+Licos20e Lisir»20e]fdHd(l) 
( Lisin20e Lo-Licos20e J IdHqO) 



dHq(1) dHd(1) dHd(1) 
dHd(1) dHq(1) dHqCO 



Usin2ee 
Ucos20e 
Lo 



Lisin2fle 
Licos20e 
Lo 



(32) 



Then, when supposing that n control cycles are 
included in the predetermined period and rearranging the 
equation (32) regarding the respective control cycle times , 
the following equation (33) is obtained. 

[Equation 33] 



8(1) 

8(2) 



8 GO J 



Lisin20e ' 


= c 


'Usin20e ' 




Licos20e 


Licos20e 




■ Lo J 




. Lo 





ddldq (D 
ddldq (2) 



.ddldq (n) 



(33) 
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In addition, similar to the first aspect, least 
square estimate values of the sine reference value (Vs) 
and the cosine reference value (Vc) can be calculated 
from the following equation (34). 
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[Equation 34] 



Vs 




'Lisin20e ' 


Vc 




Licos20e 


VI J 




I Lo J 



(C c) c* 



'ddldq (1) 




'ddldq (1)' 


ddldq (2) 


SO 


ddldq (2) 






.ddldq (n). 




, ddldq (n), 



(34) 



where, the matrix is the function of the detection 
voltage, and in the event that the detection voltage 
repeatedly outputs a certain voltage output pattern every 
5 predetermined period, since the components become 
constant, components of a matrix in the equation (34) 
can be calculated in advance. Due to this, the sine 
reference value (Vs A ) and the cosine reference value (Vc A ) 
can be calculated by a simple operation of a 2 nd order 

10 difference (dd Idq A ) between the d axis actual current 
and q axis actual current which is calculated from the 
variations of the d axis actual current and q axis actual 
current in each control cycle within the predetermined 
period and components of the matrix D~ which can be detected 

15 in advance from the detection voltages (Hd^, Hq A ) in each 
control cycle . 

Then, in the event that the inspection voltage is 
generated by multiplying the fundamental voltage string 
data by the modulation coefficient, the matrix in the 

20 equation (33) is expressed in a form produced by 
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multiplying a matrix which is the function of the 
fundamental voltage string data by the modulation 
coefficient. Due to this, although a detailed 
description thereof will be made later on, in this case, 
5 theequation (34) can be expressed in a form for calculating 
the sine reference value and the cosine reference value 
by operating the matrix whose components can be calculated 
in advance by the fundamental voltage string data, the 
modulation coefficient and the 2 nd order difference (dd 

10 I dq) between the d axis actual current and q axis actual 
current. Consequently, the reference value calculating 
unit can calculate the sine reference value (Vs) and the 
cosine reference value (Vc) from the fundamental voltage 
string data, the variations of the d axis actual current 

15 and. q axis actual current and the modulation coefficient 
in each control cycle. 

Then, the rotor angle detecting unit can calculate 
a phase difference (0e = 0-9") between an actual value 
(0) and an estimate value (0") of a rotor angle of the 

20 motor and detect the actual value (0) of the rotor angle 
with the estimate value (0") and the phase difference (0e) 
by the following equation (35), for example. 
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[Equation 35] 

2 Vc 

In addition, according to another aspect of the 
invention, there is provided a DC brushless motor rotor 
angle detecting apparatus as set forth in the first and 
5 second aspects of the invention, wherein the fundamental 
voltage string data are set such that an average of output 
voltages in the voltage output pattern becomes 0. 

According to this aspect of the invention, 
influences imposed on the drive voltage or the d axis 

10 voltage and q axis voltage by the imposition of the 
inspection voltage can be lowered. 

In addition, according to a further aspect of the 
invention, there is provided a DC brushless motor rotor 
angle detecting apparatus as set forth in any of the first 

15 to third aspects of the invention, wherein the rotor angle 
detecting unit calculates the sine reference value and 
the cosine reference value every predetermined control 
cycle, calculates phase difference data corresponding 
to the phase difference (0-0") between the actual value 

20 (0) and the estimate value (0*) of the motor by using the 
sine reference value and the cosine reference value, 
calculates an estimate value (0 A ) of the rotor angle of 

27 



the motor in a current control cycle by updating the rotor 
angle of themotorbyan observer for sequentially updating 

and calculating an estimate value (8^) of the rotor angle 
of the motor based on the phase difference data in such 

a manner as to resolve the phase difference (8-6^) 
corresponding to the phase difference data calculated 
in the previous control cycle by regarding the rotor angle 
of the motor calculated in the previous control cycle 

as the estimate value (8^) of the rotor angle of the motor 
in the previous control cycle, and determines the estimate 

value (8^) of the rotor angle so calculated as the rotor 
angle of the motor. 

According to this aspect of the invention, the rotor 
angle detecting unit can calculate the estimate value 

( (8" ) of the rotor angle of the motor in the current control 
cycle by applying the phase difference data calculated 
in the previous control cycle by using the sine reference 
value and the cosine reference value and the rotor angle 
of the motor detected in the previous control cycle to 
the observer, whereby the rotor angle detecting unit can 
detect the rotor angle of the motor with good accuracy 
in control cycles that follows the current control cycle. 

Brief Description of the Drawings 

Figs. 1A and IB are diagrams showing the 
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configuration of a DC brushless motor; 

Fig. 2 is a control block diagram of a motor 
controller according to a first embodiment of the 
invention ; 

5 Figs. 3A and 3B are charts showing periods of an 

inspection voltage and transitions of the inspection 
voltage and armature current; 

Figs. 4A, 4B and 4C are explanatory diagrams 
explaining a method for generating the inspection voltage; 
10 and 

Fig. 5 is a control block diagram of a motor 
controller according to a second embodiment. 

Detailed Description of the Invention 

15 Embodiments of the invention will be described by 

reference to Figs. 1A to 5. Figs. 1A and IB show diagrams 
illustrating the configuration of a DC brushless motor. 
Fig. 2 is a motor controller control block diagram 
according to a first embodiment of the invention. Figs. 

20 3Aand 3B show charts illustrating periods of an inspection 
voltage and transitions of the inspection voltage and 
armature current. Figs. 4A, 4B and 4C show explanatory 
diagrams explaining the generation of the inspection 
voltage. Fig. 5 is a motor controller control block 

25 diagram according to a second embodiment of the invention. 
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Firstly, referring to Figs . lto4, a f i rst embodiment 
of the invention will be described. A motor controller 
10 shown in Fig. 2 controls current which flows through 
armatures 3, 4, 5 of a salient pole-type DC brushless 
5 motor 1 (hereinafter, simply referred to as a motor 1) 
shown in Fig. 1 through a feed back loop. The motor 
controller 10 handles the motor 1 as an equivalent circuit 
of a dq coordinate system having a q axis armature which 
resides on a q axis which constitutes a magnetic flux 

10 direction of field poles of a rotor 2 and a d axis armature 
which resides on a d axis which intersects with the q 
axis at right angles. 

Then, the motor controller 10 controls a current 
(hereinafter, referred to as a d axis current) flowing 

15 to the d axis armature and a current flowing to the q 
axis armature (hereinafter, referred to as a q axis 
current) through a feed back loop in response to a d axis 
command cur rent (Id_c) and a q axi s command current (Iq_c), 
respectively . 

20 The motor controller 10 includes a dq/three phase 

converter 20, an inspection voltage imposer 21 
(corresponding to the inspection voltage imposing unit 
of the invention) , and a power drive uni t 22 (corresponding 
to the voltage applying unit of the invention) . The 

25 dq/three phase converter 20 converts a voltage applied 



to the d axis armature (hereinafter, referred to as a 
d-axis voltage (Vd) ) and a voltage applied to the q axis 
armature (hereinafter, referred to as a q-axis voltage 

(Vq) ) to drive voltages (Vu__c, Vv_c, Vw__c) applied to 
5 three U, V, W phases armatures of the motor 1. The 
inspection voltage imposer 21 imposes inspection voltages 

(Hu, Hw) on the drive voltages (Vu_c, Vv_c, Vw_c) . The 
power drive unit 22 is made up of an inverter circuit 
comprising a plurality of switching elements which are 
10 bridge connected to each other so that voltages (Vu, Vv, 
Vw) obtained by imposing the inspection voltages (Hu, 
Hw) on the drive voltages (Vu_c, Vv_c, Vw_c ) are applied 
to the U, V, W phases armatures of the motor 1, 
respectively . 

15 Furthermore, the motor controller 10 has a U phase 

current sensor 23 (corresponding to the current detecting 
unit of the invention), a W phase current sensor 24 
(corresponding to the current detecting unit of the 
invention) , a three phase/dq converter 26 (corresponding 

20 to the three phase/dq current converting unit of the 
invention), a angle detector 25 (corresponding to the 
reference value calculating unit and the rotor angle 
detecting unit of the invention) , and a non-interference 
calculator 27. The U phase current sensor 23 detects a 

25 current flowing to the U phase armature of the motor 1. 
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The W phase current sensor 24 detects a current flowing 
to the W phase armature of the motor 1 . The three phase/dq 
converter 26 calculates a d axis actual current (Id_s) 
which is a detected value of the d axis current and a 
5 q axis actual current (Iq__s) which is a detected value 
of the q axis current according to a detected current 
value (Iu_s) o f the U phase current sensor 2 3 and a detected 
current value (Iw_s) of the W phase current sensor 24. 
The angle detector 25 detects a rotor angle (9) of the 

10 motor 1. The non-interference calculator 27 implements 
aprocess to overcome the influence of speed electromotive 
forces which interfere with each other between the d axis 
and the q axis . 

In the motor controller 10, a first subtractor 28 

15 substrates the d axis actual current (Id_s) from the d 
axis command current (Id_c), and a first PI processor 
29 performs a PI (Proportional plus Integral) process 
on the result of the subtraction. A first adder 30 adds 
an non-interference component to an output signal from 

20 the first PI processor 29 to thereby generate a d axis 
voltage (Vd) according to a deviation between the d axis 
command current (Id_c) and the d axis actual current 
(Id_s) . 

In addition, in the motor controller 10, similarly, 
25 a second subtractor 31 subtracts the q axis actual current 



(Iq_s) from the q axis command current (Iq_c), and a second 
PI processor 32 performs a PI process on the result of 
the subtraction. A second adder 33 adds an 

non-interference component to an output signal from the 
5 second PI processor 32 to thereby generate a q axis voltage 
(Vq) according to a deviation between the q axis command 
current (Iq__c) and the q axis actual current (Iq_s). 

Then, in the motor controller 10, the d axis voltage 
(Vd) and the q axis voltage (Vq) are supplied to the 

10 dq/three phase converter 20. The power drive unit 22 
applies three phase voltages (Vu, Vv, Vw) to the armatures 
of the motor 1 to control current flowing to the armatures 
of the motor through a feedback loop in order to reduce 
the deviation between the d axis command current (Id_c) 

15 and the d axis actual current (Id_s) and the deviation 
between the q axis command current (Iq_c) and the q axis 
actual current (Iq_s) . 

Here, in converting the d axis voltage (Vd) and the 
q axis voltage (Vq) to vol t age commands (Vu_c, Vv_c, Vw_c ) 

20 by the dq/three phase converter 20, the rotor angle (G) 
of the motor 1 is required. In addition, also in 
converting a detected current value (Iu_s) of the U phase 
current sensor 23 and a detected current value (Iw_s) 
of the W phase current sensor 24 to the d axis actual 

25 current (Id_s) and the q axis actual current (Iq_s) by 



the three phase/dq converter 26, the rotor angle (0) of 
the motor 1 is required. 

Then, themotor controller 10 imposes the inspection 
voltages (Hu, Hw) on the drive voltages (Vu_c, Vv_c, Vw_c) 
5 by the inspection voltage imposer 21 at a third adder 
34 and a fourth adder 36 to thereby implement a detect 
process of the rotor angle (0) without using a position 
detecting sensor such as resolver. The detection process 
of the rotor angle (0) by the motor controller 10 will 
10 be described below. 

Note that the motor controller 10 includes the 
function of the DC brushless motor rotor angle detecting 
apparatus of the invention, and the DC brushless motor 
rotor angle detecting apparatus of the invention is made 
15 up of the power drive unit 22, the inspection voltage 
imposer 21 and the angle detector 25. 

Firstly, as shown in Fig. 3A, the inspection voltage 
imposer 21 generates by the following equation (36) an 
inspect ion vol tage Huw (Hu, Hw) whose period (T) contains 

20 n periods {t(l) to t(n) } of the control cycle (A) of the 
controller 10. In addition, in this embodiment, while 
the inspection voltage imposer 21 imposes the inspection 
voltages (Hu, Hw) on the U phase and W phase (Vu_c, Vw_c) 
of the drive voltage, the inspection voltage may be imposed 

25 on any two phases of the three phases of the drive voltage 
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using any other combinations of the phases. 



[Equation 36] 



Huw(i+k • n) = 



' Hu (i+k • n)' 
k Hw(i+k • n), 



r Hu (i-1+k * n)' 
k Hw(i-1+k -n), 



+ s(k) 



dhu (i-l)' 
dhw(i-1> ( 



= Huw(i-1+k • n)+s(k)dhuw(i-0 



(36) 



where, Huw(x): output level of the inspection 
voltage in the xth control cycle since the imposition 
of the inspection voltage has been initiated, i: time 
series number of control cycle within one period of the 
inspection voltage (i=l, 2, . . n) , k: time series 

number of period of inspection voltage (k=l, 2, . . .), 
Hu(x) : u phase component of an output level of the 
inspection voltage in the xth control cycle since the 
imposition of the inspection voltage has been initiated, 
Hw(x): w phase component of an output level of the 
inspection voltage in the xth control cycle since the 
imposition of the inspection voltage has been initiated, 
s(k) : avalue (corresponding to themodulation coefficient 
of the invention) of the modulation signal (s) in a period 
having a time series number of k, and dh(x) : a value of 
the fundamental voltage string data (dhuw) in the xth 
control cycle since the imposition of the inspection 
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voltage has been initiated. 

Note that the fundamental voltage string data (d 
huw={d huw (1) , d huw (2) , . . . , d huw (n) } are stored in 
a memory (not shown) in advance . In addition, data { s ( 1 ) , 
5 s(2), . • . } of the modulation signal (s) may be stored 
in the memory in advance or may be generated using a method 
such as the M sequence which is used very often in signal 
processing. Then, by causing the data of the modulation 
signal (s) to vary as randomly as possible, the frequency 
10 component of the inspection voltage is dispersed further, 
so that the generation of noise of a specific frequency 
can be reduced. 

Inaddition, as shown in the fol lowing equation (37), 
the fundamental voltage string data (d huw) are set such 
15 that an average within one period becomes 0. 
[Equation 37 ] 



J dhuw(m) =5] 
m=1 m=1 



' dhu (m) ' 




0' 


k dhw(m) 4 




.0, 



(37) 



In this case, as shown in the equation (36), since 
the modulation signal (s) is changed every period of the 
inspection voltage, the average of the voltage level in 
20 one period (T) of the inspection voltage becomes 0. 
Therefore, the amplitude of the drive voltage is gradually 
increased by the imposition of the inspection voltage, 
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and the influence on the feedback control system for 
current flowing to the armature of the motor 1 is reduced. 

Then, the angle detector 25 uses variations of a 
detected current value ( Iu_s ) of theUphase current sensor 
22 and a detected current value (Iw_s) of the W phase 
current sensor 23 in the respective control cycles (t(l) 
to 't(n)) so as to detect the rotor angle of the motor 
1 when the inspection voltages (Hu, Hw) is imposed by 
the inspection voltage imposer 21. 

Here, as shown in the following equation (38), the 
2 na order difference of the detected current value (Iu_s) 
of theU phase current sensor 22 andthe 2 nd order difference 
of the detected value (Iw_s) of the W phase current sensor 
24 in the control cycle t(i) of the kth period T(k) of 
the inspection voltages (Hu, Hw) are expressed as 

ddlu(i+k*n) , ddlw(i+k«n) , respectively. 
[Equation 38] 



ddluw(i+k • n) =* 



ddlu (i+k • n)] 
ddlwO+k • n), 

' AIu_s +k - n) AIu-s (i+k - n)' 

At 




(38) 



Inaddition, variations { dHu ( i+k»n) , dHw(i+k*n) } in 
20 the control cycle t(i) of the kth period T(k) of the 
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inspection voltages (Hu, Hw) are expressed by the equation 
(36) as the following equations (39), (40), 
[Equation 39] 



dHu(l+k • n) = HuO+k • n)- Hu(l-1+k • n) 

- sCk) -dhuO-1) ' < 39 > 

5 [Equation 40] 

dHw(i+k • n) - HwO+k • rO-HwG-1+k • n) 

= sCk) -dhwO-1) (40) 

Due to this, a matrix c(i+k*n) corresponding to the 
matrix c(l) in the equation (25) is expressed by the 
following equation (41) . 
10 [Equation 41] 

cO+k-n) 

'-*■§■* dhw (I - 1 ) dhu(l -1 )+cos|rrdhw (I - 1 ) 2dhu (I - 1 ) - dhw (I - 1 ) 

-dn|rr(dhu(l-i)-dhw(M)) co*|ir(dhu(l-l)+dhw(l-l3) -dhu(M)+2dhw(l -1) 

= 8(k)-c(l) (40 

Then, in Ts (control cycle t(i) of the k-lth period 
T(k-l) to control cycle t(i) of the kth period T ( k ) ) in 
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Fig. 3A, when arranging the equation (25) with respect 
to the respective cycles, the result can be expressed 
in the form of the following equation (42), and furthermore, 
the equation (42) is rearranged so that the following 
equations (43), (44) can be obtained. 
[Equation 42 ] 



ddluw(i+ k * n) 

* 
» 

ddluw(i+k • n) 
ddluw(i+1+(k-l)- n) 

i 

ddluw(n+(k-1> n) . 



K 



s(k) c(1) 



s(k) c(0 

s(k -1) c O+O 



,s(k -1)c(n) 



3Alsin20 ' 
3 A Icos20 
. l-m 



(42) 



[Equation 43] 



ddluwO +k • n) 
s(k) 




c<1) 


ddluw(i+k « n) 
s(k) 

ddluw(i+1+(k-1> n) 


= K 


c(i) 
c(i+1) 


s(k-1) 




ddluw(n+ (k-1)« n) 




c(n) 

i * 


[ s(k-1) J 





3Alsin20 ' 
3Alcos20 
l-m , 



(43) 



= KC 



f 3 A Isin20 \ 
3A lcos26 
l-m 
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[Equation 44] 
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'3Alsin20 ' 


Vc 


= K 


3Alcos20 


VI , 




. l-m J 



= (C* c)"c 



ddluwp+k • n) 

s(k) 



ddluwp+k • n) 
s(k) 

ddluw(i+1+(k-l)« n) 



sCk-O 



ddluw(n+(k-l)- n) 
sCk-O 



= D 



ddluwp + k ' n) 
's(k) 



ddluw(l+k • n) 
s(k) 

ddluwQ-H-h(k-l)- n) 



sCk-O 

ddluw(n-i-(k-l)' n) 
s(k-D 



(44) 
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Here, Fig. 3B is a time series graph showing 
transitions of the inspection voltage (Huw) and the 
inspection current (Iuw) in the control cycles t(i-2) 
to t(i+2) . The 2 nd order difference (d d Iuw(i) ) of the 
inspection current in the equation (38) can be calculated 
from a variation (d Iuw(i)) of the inspection current 
in the control cycle period t ( i ) and a variation (dluw(i)) 
of the inspection current in the control cycle period 
t (i + 1) . 

Then, the inspection voltages (Hu, Hw) is generated 
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by the equation (36) by multiplying the fundamental 
voltage string data (d huw) in which a constant voltage 
output pattern in the period T is set by the modulation 
signal 8s) . Due to this, the components of the matrix 
c(i) of the equation (41) calculated according to the 
fundamental voltage string data (d huw) become constant. 
Consequently, the components of the matrix C in the 
equation (43) become constant, and the components of the 
matrix D in the equation (44) calculated based on the 
matrix C also become constant. 

Then, data of the components of the matrix D 
calculated in advance by the fundamental voltage string 
data (d huw) are stored in the memory of the motor 
controller 10, and the angle detector 25 executes the 
operation of the equation (44) using the data of the 
components of the matrix D stored in the memory. 

In this case, the angle detector 25 can calculate 
a sine reference value ( Vs=3 Al s in20 ) and a cosine 
reference value (Vc = 3Alcos 29) according to an angle which 
is twice the rotor angle (9) through a simple operation 
among the components of the matrix D, the 2 nd order 
difference (d d Iuw) of the detected current and the 
modulation signal (s) to thereby reduce the calculating 
time of the sine reference value and the cosine reference 
value . 
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Then, the angle detector 25 calculates the rotor 
angle (9) of the motor 1 by the following equation (45) . 
[Equation 45] 

* = 2 tan " 1 v§ C45) 

In addition, using an estimate value (9^) of the 
rotor angle of the motor 1, the rotor angle detector 25 
modifies through a follow-up operation by the observer 
such that the estimate error of the estimate value (9~) 
of the rotor angle converges to 0, so that the estimate 
value (8 A ) becomes a detected value of the rotor angle 
of the motor 1 . The modification process of the estimate 

value (9 A ) of the rotor angle by the observer will be 
described below. 

Assuming that the motor 1 rotates at a certain angular 
velocity, the relation between the rotor angle (9) and 
the angular velocity ( co ) every control cycle (At) is 
expressed by the following equation 846). 

[Equation 4 6 ] 







f \ 

1 At 




' 0(0 ' 


aKi+1) 

% 4 




0 1 







where, 6(i) , co ( i ) : rotor angle and angular velocity 
in control cycle i, and 9 (i + 1) , © (i + 1 ) : rotor angle and 
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angular velocity in control cycle i, and i+1. 

Then, a phase difference (0-0^) between the actual 
value (0) and the estimate value 0~ of the rotor angle 
is calculated by the following equation (47), and an 
operation shown in the following equation (48) is executed 
in which a feedback is executed by entering the estimate 

value (0^) of the rotor angle and the estimate value (co^) 
of the angular velocity in the aforesaid equation (46) 
and multiplying the phase difference (0-0~) by a gain by 
operation gains Kl, K2, K~ . 
[Equation 47] 

Va-co gg-Vo-a jngg = K W3AI sjn (20 _ 2g) 
VVs 2 +Vc 2 4 

«l<(e-£) (e-e«o ) (47) 

[Equation 48] 



0(n+O 




1 At' 


0 00 




K1 


cuCn+O 




0 1 , 


.£00. 
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.K2, 



K(eOO-0(n) + offset) 



(48) 



The estimate value (0 A ) of the rotor angle can be 
converged to the actual value (0) by the equation (48) . 
In addition, by changing the value of offset in the equation 
(48), a phase of the rotor angle to be detected can be 
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forcibly shifted so as to reduce the detection error of 
the rotor angle. 

Note that since it takes time to execute the operation 
of V (Vs 2 + Vc 2 ) in the equation (47) above, an approximation 
5 can be implemented by the following equation (49) . 
[Equation 49] 



Vs • cos20 - Vc • sin20 



Vs • cos20 - Vc • sin20 



IVsl 



(|Vs|>|Vc| 



(49) 



Vs^cos2e-Vc^n2e (|VcJ> , Vs ,, > 
|Vc| 



In addition, as a specific output pattern of the 
inspection voltage, as shown in Fig. 4A, for example, 

10 it can be considered that the fundamental voltage string 
data (d huw) are set according to the output pattern of 
an alternating current voltage x of the period T, and 
that the data {s (1) , s (2) , . . . } of the modulation signal 
(s) are set such that relations of Xi=(x 0 , -x 0 ) , x 2 =(xi, 

15 -xi), x 3 =(x 2 , -x 2 ) , . . . x n =(x n -i, -x n -i) shown in Fig. 4C 
are established. 

In this case, since the alternating current voltage 
x of the certain period T shown in Fig. 4A contains a 
number of frequency components of f=l/T, noise biased 

20 to the frequency f is generated when imposing the 
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alternating current voltage on the drive voltage (Vu, 
vw) . Then, as shown in Fig, 4B, the frequency components 
of the frequency f can be cancelled by inverting (-x) 
the output of a period which follows the output (x) a 
certain period. 

Then, as shown in Fig. 4C, the spectrum of the 
frequency is diffused by implementing modulation in such 
a manner as to cancel the frequency components in a 
sequential fashion, whereby the generation of irksome 
noise biased to a specific frequency can be reduced. 

In addition, when the equation (43) can be 
established, the matrix D which constitutes the equation 
(44) above is not determined uniformly. For example, as 
known as a weighted least square method, D may be determined 
by the following equations (50), (51) using a regular 
weighted matrix. 

[Equation 50] 

d = ( c x \ncV n'w (sen 
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[Equation 51] 



ddluw(l+k » n) 
s(k) 

ddluwQ+k ; n) 

s(k) 

ddluw(i+l + (k-1)- n) 
s(k-D 

ddluw(n-t-(k-1)- n) 
s(k-1) 



= DC 



Vs 
Vc 
VI J 





Vs" 




'Vs' 


= ( c'wc)"' c'wc 


Vc 




Vc 




.VI . 




.VI . 



(51) 



In addition, when defining a matrix T by the following 
equation (52), the following equations (53), (54) are 
es tabl i shed . 

[Equation 52 ] 



T = 



13 0 

-Cm Im 



(cWc 1 

0 Im 



, Cm = (o Im) C 



(52) 



where, I 3 : square matrix of degree three, I m : square 
matrix of degree of m; n: the number of rows of C (the 
number of fundamental voltage string data); m: n-3; and 
0: matrix whose components are 0. 

[Equation 53] 



TC = 



13 0 ' 




'cc'O'V 


C = 


13 0 ' 




13 




13 


-Cm Im, 




. 0 Im . 




-Cm Im, 




Cm, 




, 0, 



(53) 
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[Equation 54] 



0 0 


TC = 


0 0 




'la' 








k 0 Mm , 




,0 Mm , 




,0, 



= 0 



(54) 



where, M m : arbitrary square matrix of degree of m . 
Then, the following equations (55), (56) are 
established relative to the matrix M m . 
[Equation 55] 



D' = (C'WC^C'W + 



0 0 
0 Mm 



(55) 



[Equation 56] 



D' 



ddluwQ+k • n) 
sCk) 

. ddluwQ+k • n) 
s(k) 

ddIuw(i+1-Kk-1> n) 
sCk-1) 

ddIuw(n+'(k-D- n) 
s(k-1) 

(c , wc)~ 1 c , w + 



D'C 
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Vc 
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9 1 

0 0 






Vs 
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Vc = 


= Vc 


k 0 Mm ( 






.VI, 


.VI , 



C56) 



Consequently, D may be made to be a matrix expressed 
by the following equation (57) using an arbitrary regular 
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matrix of degree n and the arbitrary square matrix m. 



[Equation 57] 



D = (C'WC)" 1 C t W + 



0 0 
0 Mm 



(57) 



Next, a second embodiment of the invention will be 
5 described. Referring to Fig. 5, a motor controller 40 
according to a second embodiment of the invention is 
different from the motor controller 10 of the first 
embodiment in the configurations of an angle detector 
50 and an inspection voltage imposer 51. 

10 Note that the motor controller 40 includes the 

function of the DC brushless motor rotor angle detecting 
apparatus of the invention, and the DC brushless motor 
rotor angle detecting apparatus is made up of the dq/three 
phase converter 20, the three phase/dq converter 26, the 

15 power drive unit 22, an angle detector 50 and an inspection 
voltage imposer 51 . In addition, like reference numerals 
are imparted to like configurations to those of the motor 
controller 10 shown in Fig. 2, and the description thereof 
will be omitted herein. 

20 The inspection voltage imposer 51 imposes an 

inspection voltage (Hd) on a d axis voltage (Vd) by a 
fifth adder 52 and imposes an inspection voltage (Hq) 
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on a q axis voltage (Vq) at a sixth adder 53. In addition, 
when the inspection voltages (Hd, Hq) are imposed, the 
angle detector 50 detects the rotor angle of the motor 
1 using a d axis actual current (Id_s A ) and a q axis actual 
current (Iq_s A ) which are calculated based on an estimate 
value (G A ) of the rotor angle of the motor by the three 
phase/dq current converter 26. The detection process of 
the rotor angle in the mo tor controller 40 will be described 

below . 

Similarly to the first embodiment that has been 
described previously, the inspection voltage imposer 51 
generates by the following equation (58) inspection 
voltages (Hd A , Hq A ) whoseperiod (T) is made up of n periods 
{t(l) to t(n) } of the control cycle (A) of the controller 
40, as shown in Fig. 3A. 

[Equation 58] 



Hdq Ci+k • n) = 



Hd (i+k • n)' 
.Hq 0+k-n), 

f Hd (i-1+k • n) 
Hq (i-1+k • n). 



+s(k) 



fdhd (i-O) 



.dhq 0-1). 
= Hdq 0 - 1 +k • n)+ s (k) dhdq (i -1 ) 



(58) 



where, Hdq A (x) : output level of the inspection 
voltage in the xth control cycle since the imposition 
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of the inspection voltage has been initiated, i: time 
series number of control cycle within one period of the 
inspection voltage (i = l, 2, . . n) , k: time series 

number of period of inspection voltage (k=l, 2, . . .), 
Hd A (x) : d axis component of an output level of the 
inspection voltage in the xth control cycle since the 
imposition of the inspection voltage has been initiated, 
Hq A (x) : q axis component of an output level of the 
inspection voltage in the xth control cycle since the 
imposition of the inspection voltage has been initiated, 
s(k) : avalue (corresponding to the modulation coefficient 
of the invention) of the modulation signal (s) in a period 
having a time series number of k, dhdqMx) : fundamental 
voltage string data in the xth control cycle since the 
imposition of the inspection voltage has been initiated, 
dhd A (x) : d axis component of the fundamental voltage data 
in the xth control cycle since the imposition of the 
inspection voltage has been initiated, and dhq /s (x): q 
axis component of the fundamental voltage data in the 
xth control cycle since the imposition of the inspection 
voltage has been initiated. 

Note that data of the fundamental voltage string 
data (d hdq~={d hdq A ( 1 ) , d hdq A (2), . . d hdq A (n)} 

are stored in a memory (not shown) in advance. In addition, 
data {s(l), s(2), . . . } of the modulation signal (s) 
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may be stored in the memory in advance or may be generated 
using a method such as the M sequence which is used very 
often in signal processing. 

In addition, as shown in the following equation (59) , 
5 the fundamental voltage string data (d hdq A ={d hdq A (1) , 
d hdq A (2) , . . . , dhdq A (n)} are set such that an average 
within one period becomes 0. 
[Equation 59] 



£ dfidq (m) - £ 

m=1 m«1 



dfid (m) 
dfiq (m) 





f \ 

0 


4 


.0, 



(59) 



10 In this case, as shown in the equation (59),. since 

the modulation signal (s) is changed every period of the 
inspection voltage (Hdq~), the average of the voltage 
level in one period (T) of the inspection voltage (Hdq A ) 
becomes 0. Therefore, the levels of the d axis voltage 

15 (Vd) and the q axis voltage (Vq) are gradually increased, 
and the influence on the feedback control system for 
current flowing to the armature of the motor 1 is reduced. 

Then, when the inspection voltages (Hd A , Hq A ) are 
imposed by the inspection voltage imposer 51, the angle 

20 detector 50 uses a d axis actual current and a q axis 
actual current which are calculated based on an estimate 
value (9 A ) of the rotor angle of the motor 1 by the three 



51 



10 



phase/current converter 26 in the respective control 
cycles (t(l) to t(n)) to thereby detect the rotor angle 
o f the motor 1 . 

Here, as shown in the following equation (60), the 
2 nd order difference of the d axis actual current and the 
2 nd order difference of the q axis actual current in the 
control cycle t (i) of the kth period T (k) of the inspection 
voltages (Hd~, Hq A ) are expressed as ddl d" ( i + k»n ) , d d 
Iq~(i+k«n), respectively. 

[Equation 60] 



ddldq (i+k • n) = 



ddtd(i+k • n)] 
ddTq(i+k • n)J 

' A?d.s +k • n) Atd-s (i+k ♦ n) ' 
At " At 

Alq.s 0+1 +k * n) Atq.s 0+k • n) 



At 



At 



(60) 
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In addition, variations { dHd^ ( i + k*n ) , dHq~ ( i + k«n ) } 
in the control cycle t(i) of the kth period T(k) of the 
inspection voltages (Hd A , Hq^ ) are expressed by the 
equation (58) as the following equations (61), (62). 

[Equation 61] 



dfid(i+k -n)= Hd(i+k • n)-Hd(i-l+k • n) 
= s(k) • dhd(i-l) 



(61) 
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[Equation 62] 



dHq(i+k • n) = HqG+k • n)- HqO-1+k • n) 
= s(k) • dhq(i-l) 



C62) 



Due to this, a matrix cMi + k^n) corresponding to 
the matrix c ( 1 ) in the equation (32) is expressed by the 
following equation (63) . 

[Equation 63] 



cO+k-n) = s(k) 



dhq(i-l) dhdO-O dhd(i-0 
dhd(i-l) -dhq(i-l) dhq(i-l) 



s s(k)-c(i) (63) 



Then, in Ts (control cycle t(i) of the k-lth period 
T(k-l) to control cycle t(i) of the kth period T(k)) in 
Fig. 3A, when arranging the equation (32) with respect 
10 to the respective cycles, the result can be expressed 
in the form of the following equation ( 64 ) , and furthermore, 
the equation (64) is rearranged so that the following 
equations (65), (66) can be obtained. 
[Equation 64] 



ddldq(l+k • n) 

« 
« 

ddldq 0+k • n) 

ddtdq (i+1 + Ck-O- n) 

ddtdq (n-Kk-D- n) , 



s(k)6(1) 



s(k) c(0 
s(k-1) 



sCk -1)c(n) 



fLisin20e ' 
Ucos20e 
Lo 



(64) 
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[Equation 65] 



ddldq (1+k • n) 
s(k) 

» 
« 

ddldq (i+k ♦ n) 
sCk) 

ddldq G+1+(k-1> n) 
s(k-1) 



ddldq (n-Kk-1)» n) 
s(k-1) 



= C 



SCO 

c(i) 
60+1) 



'Lisin26e 
Licos20e 
I n 



Lisin20e 1 
Licos20e 



Lo 



(65) 



[Equation 66] 



Vc 
9l 



Lisin20e 
Licos20e 
Lo 



(c l cfc x 



ddldq (1+k • n) 
s(k) 



ddldq Q+k • n) 
s(k) 

ddldq (i+1 + Ck-1> n) 



sCk-1) 



ddldq (n-i-(k-l)- n) 
sCk-1) 



= D 



ddldq (1 -i- k • n) 
s(k) 



ddldq (i+k : n) 
s(k) 

ddldq (i+1+(k-Q- n) 
s(k-D 



ddldq (n-Kk-Q - n) 
s(k-1) 



(66) 
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Then, components of the matrix D A in the equation 
(66) above can be calculated in advance by the fundamental 
voltage string data (d hdq^) . Thus, the components of 
the matrix data so calculated are stored in the memory 
of the motor controller 40, and the angle detector 52 
executes the operation of the equation (66) using the 
data of the components of the matrix stored in the 

memory . 

In this case, the angle detector 50 can calculate 
a sine reference value ( Vs ^ = Lis in20e ) and a cosine 
reference value (Vc A = Licos20e) according to an angle which 
is twice a phase difference (06=0-0^) between an actual 
value (0) and an estimate value (0^) of the rotor angle 
through a simple operation among the components of the 
matrix D*, the 2 nd order difference (d d Idq A ) of the 
detected current in each control cycle and the modulation 
signal (s) to thereby reduce the calculating time of the 
sine reference value (vs A ) and the cosine reference value 
(Vc A ) . 

Then, the angle detector 50 calculates a phase 
difference (0e=0-0 /v ) between the actual value (0) and the 
estimate value (6 A ) of the rotor angle of the motor 1 by 
the following equation (67) to thereby detect the rotor 

angle (9=0^+06) . 
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[Equation 67 ] 

— (67) 

* Vc 

In addition, similarly to the first embodiment that 
has been described previously, the rotor angle detector 
50 modifies the estimate value (9~) of the rotor angle 
through a follow-up operation by the observer using the 
following equation (68) or (69) such that the estimate 
error (9e) converges to 0 so as to detect the rotor angle. 

[Equation 68] 



0(n+D 
£(n+1) 



lo 1 JU(n), 

h AtlfSCn)' 
~ [o 1 Jlokn), 
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K2 



K 2 tan % 



K (0e(n) + offset) 



- (68) 



[Equation 69] 
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In addition, by changing the offset values of the 
equations (68), (69) above, a phase of the rotor angle 
to be detected can be forcibly shifted so as to reduce 
the detection error. 

Note that since it takes time to execute the operation 
of V (Vs a2 +Vc a2 ) in the equation (69) above., an 
approximation can be implemented by the fol lowing equation 
(70) . 

[Equation 70] 



Vs 



f_ys_ 

Ivsj 
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